Introduction
Biohydrogen is a prosperous energy carrier that receives significant attention from the scientific research community [1] . It has the potential to contribute to a more sustainable development but probably it will only be realized in relatively long terms [2] . This is because further advances have to be accomplished in order to make it a more competitive alternative both from technological and economical points of views. One particular issue to address is related to the production yields and rates, which are among the most important criteria for the evaluation of the overall biohydrogen process economy [3] . In fact, tremendous efforts have been put to improve them both on the upstream [4] and downstream sides [5, 6] . As a result, dark fermentative biological hydrogen generation is nowadays the most promising way to go considering these practical aspects [7, 8] . For example, hydrogen producing microorganisms have the ability of utilizing complex feedstock, even valueless and abundant waste materials [9e11] . However, it is also quite obvious that feasible hydrogen production needs the assistance of diverse microbial population (present in biogas sludge) rather than pure cultures. Beside the benefits of mixed consortia, when such inocula are used for the bioconversion of organic substances into biohydrogen, their sufficient pretreatment is usually required to suppress the activity of undesirable species such as methanogenes, homoacetogenes, etc. which are capable to inherently cut the obtainable hydrogen turnout. These pretreatments can be performed by exposing the community of strains to unfavorable conditions e.g. to elevated temperature, which refers to heat shock. This method is the most routinely applied one for the enrichment of the hydrogen-evolver bacteria in the population since it is relatively fast, easy to conduct and highly reliable [12] . Actually, there are different kinds of this technique altering in the mode of heat transfer and distinguished as conventional and unconventional ones. In general, the application of heat shock for pretreatment purposes relies on the conventional way meaning that the sources of inocula are usually kept in a hot (even boiling water) bath. Nevertheless, unconventional heat transfer takes place due to direct energy irradiation to the media, which can be ensured by microwave irradiation [13] . In summary, the application of conventional heating for energy input is a wide-spread opportunity, however, energy transfer and its rate are dependent on the heat conductivity of both the vessel containing the reaction mixture and the reaction mixture itself. On the contrary, unconventional, microwave-aided heating is independent of such parameters [14, 15] .
Consequently, the possible advantage of employing microwave irradiation is that a remarkably higher power density (amount of energy input to a certain volume of reaction media in a given timeframe) can be ensured so that it may lead to a reduction in the curing times needed for efficient sludge pretreatment.
It is to note that the usage of microwave energy is emerging to enhance the digestibility of complex (e.g. lignocellulosic) raw materials so as to achieve enhanced biohydrogen fermentation performance [16e18]. However, microwave applications for seed culture pretreatment are not well studied, especially not in microwave reactors under controlled conditions as intended herewith. Up to our knowledge, the current literature is lacking a comparative assessment of the conventional and unconventional heat treatments for seed enrichment purposes.
Therefore, in this work, it was aimed to investigate the feasibility and impacts of these different, conventional and microwave-assisted, unconventional pretreatment methods on the biohydrogen production potential of mixed microbial consortia.
2.
Materials and methods
Seed sludge and related analytical methods
Seed sludge was collected from a domestic biogas fermenter processing mainly food waste. To calculate soluble COD, reducing sugar and protein contents, appropriate samples were centrifuged (5 min, 12,000 rpm) and then filtered through a 0.45 mm pore size membrane disc in order to get rid of the suspended solids. The supernatant obtained was used to determine soluble COD by following the procedure of APHA [19] . Reducing sugars in the supernatant solution were analyzed by o-toluidine method and expressed as mg glucose eqv /L. The concentration of proteins (mg/L) in the liquor was estimated based on the Folin reaction.
Sludge pretreatment conditions
Seed inocula were pretreated either by means of conventional and unconventional methods. The exact treatment circumstances are presented in Tables 1 and 3 . Conventional thermal curing was carried out in an ordinary water bath with occasional mechanical stirring (30 s in each 5 min). For unconventional, microwave-aided method a commercially available, lab-scale instrument was used (Discover series, BenchMate model, CEM Corp., USA). The device has 5 mL capacity sealable tubes to treat samples, in our case anaerobic biogas sludge. It is equipped with a magnetic stirrer, able to maintain a constant experimental temperature with the accuracy of AE1 C through air cooling and by automatically varying the power output (amount of energy emitted to a certain volume of sample in a given time e J/mL-s). To attain the desired pretreatment temperatures output power of 100 W was set as an upper limit. For all the pretreatments (being either conventional or unconventional) the reaction times have started when the samples reached the desired temperature.
Hydrogen fermentation experiments
Biohydrogen production measurements were performed in 100 mL batch vials sealed by rubber stoppers. 25 mL working (liquid phase) volume was applied. Initial pHs were set to 6.5 by droplets of 0.5 M HCl. Prior to starting the fermentations, high purity N 2 sparging was employed for 5 min to provide a fully anaerobic environment in the bottles. The closed vessels were placed in a reciprocal air-bath shaker at 150 rpm under controlled temperature (37 C) for 24 h. Potato starch (5 g/L) and yeast extract (2 g/L) was added to the pretreated inocula as substrate and external nitrogen/mineral source during the experimental runs, respectively. Determination of biogas produced was checked by glass syringe method after 24 h when fermentations were over. Headspace gas composition was determined by gas chromatography (HP 5890 gas chromatograph, CarboPlot column e 90 C, TCD e 115 C, N 2 carrier gas). i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( 2 0 1 4 ) 1 e8 2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The H 2 productivity, soluble COD, reducing sugar and protein content data used for statistical variance analysis (ANOVA) are mathematical averages of triplicates (Tables 1  and 3 ). Standard deviations were within 5%. ANOVA was conducted in Statistica 8 software.
3.
Results and discussion
The effect of conventional heat pretreatment on biohydrogen production
In general, although it seems to be true that conventional heat treatment is an effective procedure to promote hydrogenevolver strains mainly such as Clostridium, the most adequate conditions may vary from one inoculum to another demonstrating that curing temperature and its duration are case-sensitive variables. As a general rule of thumb, it is apparent from the literature that temperature should be chosen in the range of approximately 75e100 C while typical treatment times fall within 30 mine120 min. This is because methanogenic bacteria cannot survive above 65e70 C, especially not for prolonged times. However, relationship between pretreatment temperature and time is not frequently addressed. In the present work, both factors were under investigation within the boundaries listed in Table 1 .
To reveal their significance, statistical analysis (ANOVA) was performed ( Table 2) . As it can be seen in Table 2 , among the variables studied the pretreatment temperature displayed the higher influence (p 0.05), while the duration of the treatment would appear to be insignificant from statistical point of view (p > 0.05). Subsequently, temperature is the factor which plays a more particular role in the effectiveness of the process in comparison with treatment time. Moreover, it is also to see that neither of the interactive effects and nor the curvature are statistically important. The latter means that a linear model would be adequate to describe the pretreatment temperature and time dependency of H 2 productivity.
The corresponding three-dimensional response plot visualizing their impacts on biohydrogen productivity can be seen in Fig. 1 . These outcomes are in correlation with the findings reported by Baghchehsaraee et al., who clearly demonstrated that heat shock temperature had a notable influence on the achievable hydrogen turnouts and the composition of the microbial consortia, as well [20] .
The analysis of Fig. 1 suggests that seed pretreatment should be conducted at lower temperatures since it resulted in higher hydrogen productivity values. This may be attributable to the fact elevated temperatures kill not only the methanogenes but also certain, non-spore forming hydrogen producers such as Enterobacter species, therefore cause a reduction in the useful microbial diversity. This is the reason why the members of (spore-forming) Clostridia are more commonly found as active bacteria in conventionally heat treated inocula.
3.2.
The impact of unconventional, microwave-assisted heat pretreatment on biohydrogen production
The traditional, convective heat transfer e.g. by means of water bath, electric mantles, etc. is relatively slow and low efficient due to its dependency on the heat conductivity of both the reaction mixture and the vessel containing it. It also suffers from the drawback that a significant temperature gradient may be developed (hotter wall, relatively colder reaction mixture) in the liquor if lacking sufficient mixing, possibly causing overheated microenvironments and concomitant uncertain phenomena. Nevertheless, microwave-based heat transfer represents a more efficient and quicker way in comparison to the normal convective one since it contacts directly with the molecules in the liquid having microwave energy absorption capability. The vessels applied are made of microwave-transparent materials and hence their conductivity is not a factor in the process. Therefore, a reverse temperature profile (hotter reaction mixture, colder vessel wall) can be ensured. 
Consequently, if the microwave reactor is well designed and equipped with proper stirring, an equal temperature could be provided everywhere in the reaction liquor. In other words, the major benefit of microwave heating is the uniformity of heating as well as the adequate control of the process temperature [15] . Due to the above theoretical considerations, it was assumed that sufficient pretreatment efficiency may be achieved in reasonably shorter curing times due to the more intense energy transfer characteristics of microwave irradiation.
The temperatures and treatment times investigated during microwave-assisted heat shock are presented in Table 3 .
Discussing the results of the unconventional heat treatment, the first important conclusion is that methane could not be detected in any of the measurements, not even in the cases when the mixed culture was exposed to curing times as extremely short as 2 min. It is in contrast with the conventional heat treatment where e regardless of the temperature e setting the duration of the treatment remarkably shorter than 30 min is expectedly insufficient. This discrepancy can be explained by the different modes of action of the microwaveassisted and the conventional thermal shock.
Emitting microwaves into the culture liquid is considered as a direct and more intense way of energy input as compared to normal heat shock, which probably leads to an improved heating efficiency and a prompter observable effect. Consequently, it may allow one to achieve a successful, heat-based selection of the hydrogen-forming microorganisms in significantly reduced times. The ANOVA-based evaluation of the experimental data can be seen in Table 4 . The impact of microwave-aided heat pretreatment taking H 2 productivity as response variable is depicted in Fig. 2 .
According to Table 4 it seems that pretreatment time rather than temperature is considered as the key factor influencing the attainable hydrogen productivity. This outcome is in contrast with the traditional heat shock where temperature could be identified as the statistically important process variable. It implies that, as stated above, conventional and unconventional methods possess distinct features. Furthermore, it is shown in Fig. 2 that regardless of the temperature, increasing treatment time from 2 to 5 min resulted in an enhanced hydrogen production. However, further increment from 5 to 10 min caused an apparent decrease in the H 2 generation efficiency. Such tendency may be correlated with the amount of energy delivered to the culture. In cases where treatment durations exceeded 5 min it is assumed that not only the H 2 -consuming but also the more robust H 2 producing strains might have been inhibited or eliminated. It may be a reasonable explanation if taking into account that high power densities/inputs can cause the lysis of the cells. When a drastic lysis of the cells occurs because of the harsh ambient conditions (as assumed >5 min pretreatment times), it inevitably reduces the number of potential hydrogen producer bacteria in the culture and concurrently depresses the hydrogen formation capacity, as well.
Therefore, it would be interesting to check the changes in the microbial population before and after the various pretreatment conditions e.g. by PCR-DGGE, T-RFLP or FISH [21, 22] which can be a subject for a future investigation. In addition to monitoring the bacterial community structure, the analysis of the soluble metabolic products (e.g. volatile fatty acids) in the fermentation broth may yield some basic information about the occurring shifts in the dominant metabolic pathways upon (microwave irradiation) seed pretreatment.
So far, Song and coworkers investigated the alterations in microbial diversity after microwave pretreatment by PCR-DGGE technique [13] . It was found that only some microwave tolerant species could survive the irradiation, the others were sufficiently inhibited. In that study, cow dung compost as seed source was irradiated with microwave energy and then employed in a dark fermentative biohydrogen process using corn stalk as substrate. Their findings are in good agreement with our current results, since they reported that radiation time (between 0 and 2.5 min) strongly i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( 2 0 1 4 ) 1 e8
influenced the hydrogen production activity. In fact, a similar pattern to the one demonstrated in Fig. 2 was observed since increased curing times up to 1.5 min resulted in higher hydrogen turnouts, while declined values were obtained at more prolonged irradiations. Another important conclusion to be drawn is that extremely short irradiation times e even below 2 min e were satisfactory to enrich hydrogen-evolver strains, which is in accordance with our present observations [13] . As a summary of biohydrogen fermentation by conventionally and unconventionally heat treatment inocula, it can be concluded that microwave irradiation considerably reduced the essential sludge pretreatment times, however, the accomplishable H 2 productivity values in both cases remained quite comparable (as high as 0.9 mL H 2 /mL-d), as can be seen in Figs. 1 and 2 . It is to admit that the productivities obtained in this study are not highly attractive ones, but the focus was on the comparative assessment of the two alternative heat treatment procedures rather than on comprehensive process intensification.
3.3.
The effect of microwave irradiation on various characteristics of the pretreated inocula A series of measurements were carried out in order get a better understanding about the possible changes taking place in the particular sludge as a result of microwave irradiation. The pretreated samples were conditioned as described in the Materials and Methods section (centrifuged and subsequently membrane filtered) and subjected to visual inspection (Fig. 3) .
As it can be clearly seen in Fig. 3 , the colors of the samples have significantly been changed as a consequence of the pretreatment conditions. In fact, regarding the optical features it can be concluded that the supernatants obtained started to become darker as the curing time and temperature have been raised.
Microwave irradiation can be applied to pretreat complex feedstock (e.g. lignocellulosic) in order to enhance the accessibility of biological catalysts to the structural regions of interest of the substrate and to liberate simpler, bioconvertable substances from polymer molecules. In other words, microwave irradiation likely aid the solubilization of organic matter [16e18,23] . In addition, there are methods relying on microwave energy with the aim of sludge conditioning [24e30].
It is known that any kind of sludge taken e.g. from an anaerobic fermenter e depending on the nature of its raw material e inherently comprises insoluble, persistent constituents which may be made solubilized by means of microwave energy. Based on these facts, it was assumed that the change in the color of the samples might have occurred due to the increased amount of soluble substances in the liquid. To support this theory, the chemical oxygen demand of the pretreated, centrifuged samples was measured. It is a good indicator of organic matter content and feasible to check the trend in its release upon different irradiation circumstances. The soluble COD (sCOD) profiles of the unconventionally heat Fig. 3 e The supernatants of microwave pretreated samples (Codes of the samples (AeH) appear in Table 3 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 4 e Response surface illustrating the change in soluble COD content as a result of the microwave-assisted thermal sludge pretreatment. 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 pretreated seed inocula are given in Table 3 and graphically interpreted in Fig. 4 .
The statistical assessment of the sCOD measurements in Table 4 demonstrates well that both the pretreatment temperature and its duration had a strongly significant effect on the soluble organic matter content. Hence, it would appear that by using microwave heating not only the desired group of hydrogen-evolver microorganisms can be promoted but it is also possible to simultaneously increase the soluble organic fraction in the seed inocula. For instance, in the work by Song et al. microwave pretreatment time (between 0 and 2.5 min) strongly influenced the volatile suspended solid (VSS) concentration. The VSS fraction in a liquid mixture is in a direct relationship with the organic fraction of the suspended solids. According to their outcomes, VSS concentration has been enhanced over a wide range of pretreatment times tested (between 0 and 2 min) [13] .
In general, derivatives of sugars, proteins and fats are among the main constituents of the anaerobic sludge, their ratios are certainly the function of the feed composition. To get a better picture about the change in sCOD reducing sugar and protein contents were also estimated. The results are indicated in Fig. 5 and 6, which together with the ANOVA data in Table 4 confirmed that the temperature and the irradiation time of microwave pretreatment could enhance the reducing sugar and the protein concentrations in the soluble phase. It can be also pointed out that the pattern of reducing sugar and protein release is similar to that of the sCOD, proving a reasonable relationship between them.
It is also to note that the concentration of proteins was apparently higher as compared to reducing sugars. As a consequence, it is implied that proteins rather than reducing sugars contributed to the increment of sCOD along the pretreatment conditions. These findings are in good agreement with the one obtained by Thungklin et al. who also reported that proteins were the dominant soluble organic materials upon exposing the sludge to microwave irradiation [31] . In addition, as it could be concluded, the ratio of the various substances released as a result of the microwave-assisted treatment demonstrates a functionality on the source of the sludge.
Moreover, the lysis of cells upon harsh environmental (here microwave pretreatment) conditions can also potentially affect the soluble organic matter content in the anaerobic seed sludge. It is due to the liberation of extracellular and intracellular biopolymers and nutrients such as carbohydrates, proteins and lipids into the solution and is also a consequence of pronounced solubilization of insoluble, particulate organic substances [32] .
Regarding the mechanism of cell lysis during external energy irradiation, some observations may be adopted from ultrasonication related literature [33] . It has been found that certain treatment times and power intensities applied can lead to the disintegration of cell in the sludge [34] . However, strains may be simply inactivated prior to cell wall breakage taking place [35] , meaning that an increased soluble COD could be an indicator of cell disruption, but not necessarily is [36] . Therefore, the strong depressions in hydrogen productivity (Fig. 2 ) might have been due to cell rupture or inactivation of microbes, or both.
As referenced above in the manuscript, contacting the sludge with microwaves can alter its characteristics, and this technique is often used for waste sludge minimization purposes. In such cases, the sludge does not play the role of inocula source but rather it is utilized as a feedstock for certain bioconversions e.g. during anaerobic digestion.
For example, Park et al. studied the impact of microwave irradiation on the solubilization of waste-activated sludge. It was demonstrated that both pretreatment temperature and power output could significantly enhance the extent of hydrolysis (higher soluble COD and total COD ratios), which is expected to bring improved digestibility and concurrently increased biogas capacities [37] .
However, it has been proven by Eskicioglu and coworkers that even if the microwave pretreatment does not help the release of organic compounds in a distinguishable manner compared to traditional convective heating, the former can surpass in the view of biogas producing potential. It is Fig. 5 e The correlation between microwave pretreatment conditions and soluble reducing sugars. 
attributable to the so-called athermal effect of microwave contact [38] .
Furthermore, Thungklin et al. [31] and Guo et al. [39] demonstrated that waste sludge pretreated by the contribution of microwave energy can be a feasible raw material not only for biogas, but for biohydrogen fermentation, as well.
Conclusions
In this work, a comparative assessment on conventional and unconventional (microwave-assisted) heat pretreatment methods was carried to enrich biohydrogen producing strains. It has turned out that hydrogen productivity was significantly affected by pretreatment temperature when the conventionally treated seed inoculum was used. On the other hand, in case of the microwave-supported process H 2 capacity showed a more pronounced dependency on treatment time rather than on temperature. This contradictory behavior might have been due to the different modes of actions of the two heat transfer techniques. As a result, normal-and microwave-based heat pretreatments resulted in seeds with comparable hydrogen producing potentials. Nevertheless, unconventional heat pretreatment considerably reduced the necessary curing times for the suppression of methanogenic activity. Furthermore, microwave irradiation notably increased the soluble organic matter content of the pretreated seed sludge . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130 HE13157_proof ■ 7 February 2014 ■ 7/8
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